Introduction {#Sec1}
============

The development of various synthetic methods to produce large quantities of nanomaterials, the detailed knowledge of their structures as well as the abundance of new physical and chemical properties at the nanoscale regime drive researchers to produce new and better nanomaterial-based products which can offer enormous benefits to the society^[@CR1]--[@CR3]^. As a consequence, many of these nanomaterials are now part of our daily life as they present in the form of cosmetics^[@CR4],[@CR5]^, food packaging^[@CR6],[@CR7]^, drug delivery systems^[@CR8]--[@CR10]^, therapeutics^[@CR11]--[@CR14]^, biosensors^[@CR15]--[@CR18]^, and so on^[@CR19]--[@CR21]^. Despite obvious benefits from the power of small sizes, the widespread applications of these materials in every sector of the society have raised significant concerns regarding their environmental impacts^[@CR22]--[@CR24]^.

A key example is silver nanoparticles (Ag NPs), which are now being produced in large scale with different sizes, shapes and functionalities in various sectors including biomedical science, daily life, wastewater treatment and industry^[@CR5],[@CR25]--[@CR27]^. Such widespread applications of these Ag NPs will inevitably cause their release into the environment and therefore, the study on the environmental fate and behavior of Ag NPs has become a broad subject of interest in recent times^[@CR28],[@CR29]^. In fact, the majority of Ag NPs from commercial products are demonstrated to affect the aquatic ecosystems, in particular, to bacteria^[@CR30],[@CR31]^, algae^[@CR32]^, plant^[@CR33]^, metazoan^[@CR34]^, vertebrates or other aquatic organisms^[@CR35]--[@CR37]^. Therefore, studies governing the toxicity of Ag NPs to many of these aquatic organisms have been performed extensively and in some cases, the mechanisms of toxicity are well understood. Compare to other aquatic organisms, quite a few studies have investigated the effects of Ag NPs on algal growth and photosynthesis^[@CR38]^. Algae, constituting the primary producer of the aquatic ecosystem, perform almost half of the photosynthesis on the earth and also play a very important role in the global carbon cycle^[@CR39],[@CR40]^. Thus, assessing the potential harm of Ag NPs in algal growth and photosynthesis is of paramount interest.

To address this challenging issue, it is equally important to use a set of Ag NPs with high monodispersity, as it would constitute the toxicological results more relevant for understanding the current risks. However, the relatively polydisperse nature of many of the Ag NPs synthesized to date remains a major obstacle to their use as an ideal system for studying the toxicity effects of Ag NPs at molecular level^[@CR28],[@CR29]^. Such a challenge can be addressed by using an emerging class of Ag NPs, generally called Ag nanoclusters (NCs). They are generally consisting of several to a hundred silver atoms with particle sizes less than 2 nm^[@CR41]--[@CR43]^. These ultrafine particles can be synthesized with complete monodispersity and thus, often represented by well-defined size and composition. In contrast to their large counterparts i.e., Ag NPs, they display different physiochemical properties such as HOMO--LUMO transition, quantized charging, strong photoluminescence etc^[@CR42],[@CR44]--[@CR48]^. All these unique properties of these Ag NCs together with their ultrafine size and structures made them an emerging functional material for many practical applications^[@CR49]--[@CR54]^.

To obtain better understanding of the toxicity of nanomaterials to aquatic organisms, it is also equally important to select the appropriate research methods. Currently, the majority of environmental toxicology of Ag NPs were performed by means of acute toxicity experiments (short-term exposure to high dosages) *in vivo* or cellular levels^[@CR55]--[@CR57]^. Ag NPs may have complex and dynamic process in aquatic environment including aggregation, oxidation, and reactions of silver with chloride ion and sulfur^[@CR28],[@CR58]^. Therefore, chronic toxicity experiments (long-term exposure to low dosages) were ideally suited for the toxicological studies of Ag NPs to aquatic organisms. However, this type of researches are usually expensive and time-consuming, and also difficult to conduct in laboratory. Recently, molecular technology (e.g. transcriptome or metabolomics) have emerged as a useful tool to characterize the toxicity of nanoparticles to biological organisms^[@CR59]--[@CR61]^. Among which, RNA sequencing, regarded as the high-throughput sequencing technologies, was able to identify the specific transcriptomic responses of the aquatic organisms to Ag NPs or its degraded Ag ions^[@CR62]--[@CR65]^. This approach will help to not only investigate subtle differences in RNA level but also clarify the molecular mechanisms of the toxicity of Ag NPs to aquatic organisms.

In the present study, we have chosen a red emitting Ag NCs (defined as r-Ag NCs) as a model system to unravel the molecular mechanisms of photosynthetic toxicity against green algae namely, *Scenedesmus obliquus*. By making the most of advanced transcriptome technology as well as the combination of confocal laser scanning microscope (CLSM) basing on the strong fluorescence of the r-Ag NCs, we have demonstrated that r-Ag NCs toxicity mainly originated from particle-specific r-Ag NCs and its dissolved silver (I). This work will provide additional insights into the cytotoxicity mechanisms mediated by metal-based nanomaterials.

Results and Discussion {#Sec2}
======================

Synthesis, characterization and stability of r-Ag NCs {#Sec3}
-----------------------------------------------------

Since our goal was to find out the Ag nanoparticle induced molecular mechanism of photosynthetic toxicity against green algae namely, *Scenedesmus obliquus*, we first prepared the well-defined r-Ag NCs solution following previous protocol^[@CR66],[@CR67]^. The as-synthesized NC solution was light brown in color (Supplementary Fig. [S2a](#MOESM1){ref-type="media"}), which showed a prominent absorbance peak at around 488 nm (Fig. [1a](#Fig1){ref-type="fig"}, blue line) in the UV-Vis spectrum. The strong red fluorescence was evident from the Supplementary Figure [S2b](#MOESM1){ref-type="media"}. Nevertheless, the emission peak around 650 nm (Fig. [1a](#Fig1){ref-type="fig"}, black dot line) along with maximum excitation of 430 nm (Fig. [1a](#Fig1){ref-type="fig"}, black dot line) (in view of the presence of various well defined Ag NCs in solution), further corroborates that our as-synthesized material is indeed Ag NCs as their optical properties are in line with the previous report^[@CR66],[@CR67]^. Such intriguing optical properties, especially fluorescence, are not observed in the case of well-commercialized Ag nanoparticles (\>2 nm). We further verified their size through transmission electron microscopic (TEM) studies which revealed that the as-synthesized r-Ag NCs was nearly spherical in shape with average size less than 2 nm (Fig. [1b](#Fig1){ref-type="fig"}), and the synthesis of r-Ag NCs in our study was also confirmed by energy-dispersive spectroscopy spectrum (Fig. [1c](#Fig1){ref-type="fig"}). Similar average size was also observed in our dynamic light scattering (DLS) study, where pure r-Ag NCs in Milli-Q water showed hydrodynamic diameter \~3.43 ± 0.15 nm. The relatively bigger size observed in DLS was due to the presence of thiolate ligands and the water molecules on the NC's surface which are not observed in TEM. To further check the stability of the as-synthesized NCs in SE culture medium, we performed the DLS study to verify their size and surface charge. The average hydrodynamic diameter of the as-synthesized NCs in SE culture medium was about 4.85 ± 0.21 nm, which was larger than that in Milli-Q water (Fig. [1d](#Fig1){ref-type="fig"}) due to the fact that the presence of electrolytes in the SE medium (Table [S1](#MOESM1){ref-type="media"}) could induce the aggregation of NCs. The average zeta potential analysis revealed that r-Ag NCs were negatively charged in both pure water (−15.5 ± 0.36 mV) and SE medium (−34.5 ± 5.7 mV), indicating the r-Ag NCs were quite stable in SE culture medium and Milli-Q water.Figure 1(**a**) UV-Vis absorption (blue line) and fluorescence (black line, λ~*ex*~ = 430 nm) spectrum of the as-synthesized r-Ag NCs. (**b**) TEM image of r-Ag NCs. The scale bar is 20 nm. (**c**) Energy-dispersive spectroscopy spectrum of r-Ag NCs. (**d**) Hydrodynamic diameter of r-Ag NCs dispersed in Milli-Q water (top panel) and SE culture medium (bottom panel).

After successful synthesis of r-Ag NCs, we have further assessed their stability in SE culture medium (Supplementary Fig. [S3](#MOESM1){ref-type="media"}). In particular, we have evaluated the concentration of Ag^+^ released in the SE culture medium with time and based on these results, we have further designed the experimental schemes (see the experimental section for details).

Effect of r-Ag NCs and dissolved Ag^+^ on the photosynthetic toxicity of algae {#Sec4}
------------------------------------------------------------------------------

The photosynthetic activities of *Scenedesmus obliquus* exposed to various concentration of r-Ag NCs and Ag^+^ have been adversely affected. Compared to the controls, where only Ag^+^ of approximately equivalent concentration were used, the chlorophyll α content did not show any obvious dose--response up to 48 h (Fig. [2a](#Fig2){ref-type="fig"}) in case of r-Ag NCs. However, with the increase in the concentration of r-Ag NCs, a clear U type dose-dependent manner from 48 to 96 h was observed, where 135 μg L^−1^ r-Ag NCs displayed the maximum inhibition of chlorophyll α at 72 h. Notably, the addition of 0.5 mM L-cysteine to the r-Ag NCs solution resulted in relatively lower chlorophyll α content than that of algae cells exposed to r-Ag NCs without L-cysteine (Fig. [2b](#Fig2){ref-type="fig"}). This phenomenon can be explained by the strong chelating affinity between Ag^+^ and thiol groups of functional proteins of algal cell membranes, which cause disturbance of absorbance and transportation of r-Ag NCs^[@CR28],[@CR68]^. Moreover, with the increasing concentration of Ag^**+**^ (from 5.0 to 20 μg L^−1^), the content of chlorophyll α was gradually decreased within 24 h of exposure and followed an obvious dose-response up to the time point of 48 h. However, after this time chlorophyll α content returned to control levels, indicating that the algae cells have mounted a detoxifying response and contribute to the recovery of the photosynthetic activities of algae cells.Figure 2The chlorophyll α of *Scenedesmus obliquus* exposed to various concentrations of r-Ag NCs (**a**) and Ag^+^ (**b**) for 96 h. The controls were performed with SE culture medium containing no silver. Data were shown as mean value ± standard deviation for technical triplicates. Statistical analyses were carried out using one-way ANOVA followed by independent *t*-test (^a^ *P* \< 0.05). Representative confocal laser scanning microscope images (**c**--**n**) of *Scenedesmus obliquus* in response to exposure to various concentration of r-Ag NCs and Ag^+^ for 96 h. Each row (from top to bottom) represented algae cells exposed to controls, r-Ag NCs, r-Ag NCs containing L-cysteine and AgNO~3~, respectively. Each column (from left to right) represented confocal fluorescence images (red pseudocolour) at 458 nm excitation, bright field images and merged images, respectively. The straight lines of images (**e**,**h**,**k** and **n**) showed the fluorescence intensity of designated spots of algae cells. Scale bar is 2.5 μm.

Several other photosynthetic parameters have also been taken into account in our study (Supplementary Fig. [S4](#MOESM1){ref-type="media"}). In fact, when exposed to various concentrations of r-Ag NCs and Ag^+^, some photosynthetic parameters showed a clear dose-dependent manner and the inhibition of Ag^**+**^ to cell membranes like the chlorophyll α content (e.g. Supplementary Fig. [S4c,d](#MOESM1){ref-type="media"}). Sometimes, both r-Ag NCs and Ag^+^ even increased the photosynthetic parameters of algae cells (e.g. Supplementary Fig. [S4f--h](#MOESM1){ref-type="media"}). These data suggested that r-Ag NCs and Ag^+^ had complicated effects on the photosynthetic activities of algae cells due to the compound body of chlorophyll α and proteins of photosystem (PSII and PSI). Therefore, to further substantiate the detailed molecular mechanisms that affect the photosynthetic activities, we have also analyzed the transcriptome of *Scenedesmus obliquus* treated with r-Ag NCs and Ag^+^ (see below in the text).

Since it is equally important to verify whether the r-Ag NCs indeed internalized by the algae cells or not, confocal microscopic studies were conducted. The confocal fluorescent images were taken by using a 458-nm laser under low voltage conditions. In striking contrast to the auto-fluorescence of chlorophyll α of the control experiments (Fig. [2c,e](#Fig2){ref-type="fig"}; Supplementary Fig. [S5a](#MOESM1){ref-type="media"}), fluorescence intensity (Fig. [2h,k](#Fig2){ref-type="fig"}; Supplementary Fig. [S5b,c](#MOESM1){ref-type="media"}) of the algae cells exposed to 135 μg L^−1^ r-Ag NCs solution (with or without L-cysteine) were stronger. On the other hand, the fluorescent intensity of algae cells treated with Ag^+^ was decreased slightly when compared with the control (Fig. [2l,n](#Fig2){ref-type="fig"}; Supplementary Fig. [S5d](#MOESM1){ref-type="media"}). These data suggested that r-Ag NCs were indeed internalized by the algal cells and dispersed in the entire cytoplasm. The internalization of r-Ag NCs in the entire cytoplasm was further verified by z-axis scanning images of algae cells (Fig. S[6](#MOESM1){ref-type="media"}). When the z-axis moved from the top to the bottom of the sample, the confocal cross sectional images of the cells become larger and brighter gradually, then smaller and darker, and finally nearly invisible, indicating that r-Ag NCs have been internalized into the cytoplasm rather than adsorbed on the algal cells surface. The internalization of r-Ag NCs observed from confocal images can also be evidenced by the TEM images (Fig. S[7](#MOESM1){ref-type="media"}).

Transcriptome data analysis {#Sec5}
---------------------------

The concentration and integrity of RNA were first determined by UV-Vis spectrophotometer and agarose gel electrophoresis (Supplementary Table [S2](#MOESM1){ref-type="media"} and Fig. S[8](#MOESM1){ref-type="media"}). To obtain the various silver-treated *Scenedesmus obliquus* transcriptome expression profile, four cDNA libraries were constructed: (i) the controls (Sample A), (ii) algae cells exposed to concentration of 135 μg L^−1^ r-Ag NCs (Sample B), (iii) algae cells exposed to concentration of 135 μg L^−1^ r-Ag NCs containing 0.5 mM of L-cysteine (Sample C) and (iv) algae cells exposed to concentration of 10 μg L^−1^ silver (Sample D). The paired-end raw reads and clean reads for four samples were available in supporting information (Supplementary Table [S3](#MOESM1){ref-type="media"}). Transcript *De novo* assembly was conducted using the clean reads by Trinity software and the summary of all contigs, transcripts and unigenes was listed in Supplementary Table [S3](#MOESM1){ref-type="media"}. Overall, 26,570 unigenes were obtained for the further analysis of differentially expressed genes. The annotation of unigenes were summarized in Supplementary Figure [S9](#MOESM1){ref-type="media"}\~S[12](#MOESM1){ref-type="media"}, and approximately 1800,1500 and 300 unigenes were annotated into the term of energy process of GO, eggNOG and KEGG database (blue arrow), respectively.

Statistical analysis of the differentially expressed genes was performed between each of the silver treatment and the control one. The "MA plot" pictures of differentially expressed genes between each silver treatment and the controls were shown in Supplementary Figure [S13](#MOESM1){ref-type="media"}. It was evident that the levels of expression of most of the differentially expressed genes from algal cells exposed to each silver treatment were down-regulated when compared with the control one, and further illustrated that both r-Ag NCs and its released Ag^+^ had toxic effects to algal cells at the transcriptional level. The number of the differentially expressed genes of each silver treatment were almost consistent with the overlap between the differentially expressed genes for each treatment (Fig. [3a,b](#Fig3){ref-type="fig"}). The heatmap of differentially expressed genes between each of the silver treatment library was presented in Fig. [3c](#Fig3){ref-type="fig"} which revealed that there were significant differences in gene expression levels for the differentially expressed genes between the various silver treatment and the control as well as there were some consistency in gene expression between particles-specific r-Ag NCs and its dissolved Ag^+^ according to the condition tree of the heatmap.Figure 3Differentially expressed genes in the silver-treated *Scenedesmus obliquus*. (**a**) The number of differentially expressed genes (≥2-fold up/down-regulated, P \< 0.05) derived from *Scenedesmus obliquus* after exposure for 96 h to r-Ag NCs,r-Ag NCs + L-cysteine and Ag^+^ as compared to control. The numbers of up- and down-regulated genes for each of the silver treatments are indicated on the bars. (**b**) Venn diagram showing numbers of differentially expressed genes (≥2-fold up/down-regulated, P \< 0.05) from *Scenedesmus obliquus* after exposure to r-Ag NCs, r-Ag NCs + L-cysteine and Ag^+^. (**c**) Heatmap of differentially expressed genes (≥2-fold up/down-regulated, P \< 0.05) from *Scenedesmus obliquus* exposed to control, r-Ag NCs, r-Ag NCs + L-cysteine and Ag^+^. The heatmap was established using all differentially expressed genes by Cluster 3.0/TreeView software. The level of gene expression was shown using a color gradient from green (low expression) to red (high expression).

As a primary producer under aquatic environment, energy metabolism is one of the most important life characteristics of algal cells. Therefore, we investigated the significant changes of energy metabolism in gene expression after exposure of *Scenedesmus obliquus* to silver for 96 h. Some of the differentially expressed genes were detected to be relevant to each silver treatment compared to the control one (135 μg L^−1^ r-Ag NCs − 67 genes; 135 μg L^−1^ r-Ag NCs containing 0.5 mM of L-cysteine − 62 gene; Ag^+^ − 65 genes), largely reflecting gene expression responses to the energy metabolism of *Scenedesmus obliquus*. Expression of these genes encoding functional molecules of cellular components were closely associated with the energy transformation process of algae cells such as, photosynthesis, oxidative phosphorylation and nitrogen metabolism and so on, indicating the processes of energy metabolism of *Scenedesmus obliquus* were regulated on the molecular levels after exposed for 96 h to r-Ag NCs and its dissolved Ag^+^.

Common features in the effects of exposure to r-Ag NCs and Ag^+^ on algae gene expression {#Sec6}
-----------------------------------------------------------------------------------------

The changes in gene expression in *Scenedesmus obliquus* exposed for 96 h to r-Ag NCs (with and without L-cysteine) and silver ions (control) have been explored by determining the enrichment in GO terms (in terms of GOSlim in our study, Supplementary Fig. [S14](#MOESM1){ref-type="media"}) and KEGG pathway (Fig. [4](#Fig4){ref-type="fig"}). Enrichment analysis of differentially expressed genes was performed to obtain a global overview of the biological effects of each type of silver treatments. The most significantly representative GO terms (metabolic process) and KEGG pathways (energy metabolism) remained common across all three silver treatments, and a very significant overlap was observed between differentially expressed genes in response to the three forms silver considered in our study. On the basis of this overlap, we anticipate that the toxicity of r-Ag NCs to algae cells was predominantly attributed to the association between the nanoscale and the ionic form silver.Figure 4KEGG pathway enrichment analysis of differentially expressed genes after exposure of *Scenedesmus obliquus* to silver for 96 h. The enrichment analysis of differentially expressed genes was performed between each of silver treatment and the controls (adjusted *P* values \< 0.05) using all the unigenes as a background.

In a previous study, we demonstrated similar results that both the nanoscale size of particles and their decomposition products contribute to the cellular toxicity mechanism upon the exposure of *Scenedesmus obliquus* to r-Ag NCs^[@CR69]^. Similar observations were also evident from other studies. For example, the case of the Copper Transport Protein 2(CTR2), where mRNA levels of the green alga *C*. *reinhardtii* were strongly stimulated by both a small silver nanoparticles (size\~5 nm, with a polyacrylate coating) and the Ag^+ ^ ^[@CR62]^. We therefore anticipate that there is a combination of r-Ag NCs particles and Ag^+^ inside the algae cells (see Fig. [2](#Fig2){ref-type="fig"} and Supplementary Fig. [S7](#MOESM1){ref-type="media"}). For many of the differentially expressed genes derived from *Scenedesmus obliquus* after exposure to r-Ag NCs (without L-cysteine), the changes in gene expression (in terms of fold change) were almost consistent with those exposed to r-Ag NCs (containing L-cysteine) and Ag^+^, further confirmed that r-Ag NCs and its dissolved Ag^+^ could jointly mediate the cytotoxicity. Moreover, the GO and KEGG pathway enrichment analysis were common to all silver treatments (Supplementary Fig. [S14](#MOESM1){ref-type="media"}; Fig. [4](#Fig4){ref-type="fig"}). These changes are also consistent with previous report such as the transcriptional response of the model plant, *Arabidopsis thaliana*, exposed to Ag NPs and Ag^+^ using whole genome cDNA microarrays^[@CR70]^.

Energy metabolism of *Scenedesmus obliquus*, including photosynthesis and oxidative phosphorylation, is a complex process and both these process were affected consistently after exposure to all kinds of silver treatments. As shown in Fig. [4](#Fig4){ref-type="fig"}, the enrichment of the differentially expressed genes in KEGG pathway (in term of energy metabolism) was more significant than other metabolic pathways (adjusted *p* \< 0.05). Moreover, Ig(1/*p*) of the term of metabolic process was larger than that of the mitochondrion (Supplementary Fig. [S14](#MOESM1){ref-type="media"}, adjusted *P* \< 0.05). In other words, the enrichment of the differentially expressed genes in GOSlim (in term of metabolic process) was more pronounced than that of the mitochondrion, indicating both r-Ag NCs and its dissolved Ag^+^ had more influences on the photosynthesis of the algal cells rather than the oxidative phosphorylation.

Photosynthesis metabolic pathways {#Sec7}
---------------------------------

Exposure to all kinds of silver treatments caused the photosynthesis of *Scenedesmus obliquus* to be adversely affected (Fig. [5](#Fig5){ref-type="fig"}). The light reaction of photosynthesis is a complicated metabolic pathway and is composed of a series of reaction center complexes of the photosynthetic electron transport chain, including photosynthesis II, I, cytochrome b6/f and ATP synthase, which plays a key part in the synthesis of ATP in aquatic organism. Following exposure for 24 h to all Ag treatments, the gene expression data demonstrated that many of the genes encoding for the complexes of light reaction of photosynthesis were down-regulated as compared to control (Fig. [5a](#Fig5){ref-type="fig"} and Supplementary Table [S4](#MOESM1){ref-type="media"}). Among all these genes, the psbA was especially sensitive to r-Ag NCs and Ag^+^ exposure, which encoded for photosystem II P680 reaction center D1 protein containing primary electron donor Z (Tyr^−1^61), reaction center pigment (P680) and primary electron accepter (Pheophytin). The psbO encoded for photosystem II oxygen-evolving enhancer protein 1, which involved the released oxygen of photosynthesis and electron donor for Z. The petF and ATPF0C, encoded for Ferredoxin and subunit c of ATP-synthase, were also down regulated at the transcriptome level. These genes are particularly relevant because the electron transport chain is comprised of several reaction center complexes, encoded by a large number of the chloroplast and the nuclear genome, such as psbA, psbO and petF and so on. The down-regulated genes encoded for the reaction center complexes proteins which had not only influences on the utilization efficiency of light energy (Supplementary Fig. [S4c,d](#MOESM1){ref-type="media"}) but also on the electrochemical proton gradient across the thylakoid membrane of chloroplast, and further affected the synthesis of ATP. This effect is in accord with previously study reporting a down-regulation of this pathway following Ag^+^ ions exposure in *C*. *reinhardtii* ^[@CR71]^. Overall, a down-regulation of these key genes encoded for the reaction center complexes proteins suggest the light reaction of photosynthesis of *Scenedesmus obliquus* was influenced synchronously by the exposure to r-Ag NCs and its dissolved Ag^+^.Figure 5Effects of each silver treatment on differentially expressed genes associated with photosynthesis of *Scenedesmus obliquus*. Shades of red, light blue and white indicate up-regulation of target genes of controls, no differential expression of genes (Unigenes) and gene products not belong to the photosynthesis of *Scenedesmus obliquus*, respectively. (**a**) Effects of exposure to r-Ag NCs without L- cysteine for 96 h on the light reaction of photosynthesis of *Scenedesmus obliquus*. (**b**) Effects of exposure to r-Ag NCs without L- cysteine for 96 h on the photosynthetic carbon reduction cycle (Calvin cycle) of *Scenedesmus obliquus* (Adapted from the carbon fixation pathway map in the KEGG database). The number in the boxes represents the identifier of enzyme involved in the pathway according to the principles of classification of Enzyme Commission. Illustrations of the light reaction and photosynthetic carbon reduction cycle of *Scenedesmus obliquus* exposed to r-Ag NCs with L- cysteine and Ag^+^ treatments are available in Table [S4](#MOESM1){ref-type="media"}. The differentially expressed genes in photosynthetic pathways (light reaction and Calvin cycle) were determined by using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database^[@CR74]^.

Apart from the damage on the light reaction of photosynthesis, exposure to r-Ag NCs and Ag^+^ also caused changes in the Calvin cycle and showed similarly significant alterations in the expression of genes (Fig. [5b](#Fig5){ref-type="fig"} and Supplementary Table [S4](#MOESM1){ref-type="media"}). The Calvin cycle consists of three stages of carbon dioxide fixation, reduction and regeneration of ribulose -- 1,5 -- bisphosphate (RuBP) and features eleven-enzymatic reaction for the biosynthesis of carbohydrate. The key enzymes, such as RuBP carboxylase/oxygenase (Rubisco) containing eight small subunits encoded by gene rbcs (nuclear genes), were down regulated. This regulation indicates that the carbon fixation was probably also regulated and can be regarded as a significant regulatory site in Calvin cycle, resulting in declines in the 3-phosphoglyceric acid synthesis. Previous analysis mentioned above have associated the loss of the proton gradient arising from the disruption of the electron transport chain with the synthesis of ATP, which will be utilized as assimilatory power for the reduction of carbon dioxide in the Calvin cycle. Taken together, it can be stated that the disturbance of light reaction of photosynthesis by the exposure to all silver treatment have an influence on the Calvin cycle.

Previous studies have reported the impact of r-Ag NCs on various organisms^[@CR51],[@CR66],[@CR69],[@CR72]^. However, it is still unclear whether r-Ag NC serves as a direct cause of toxicity and toxicity mechanisms or not. Yuan *et al*. investigated the underlying mechanism of the antimicrobial ability of r-Ag NCs after exposure of r-Ag NCs to *P*. *aeruginosa* for 14 h and suggested that r-Ag NCs could eliminate pathogenic bacteria by means of generating intracellular reactive oxygen species (ROS)^[@CR66]^. However, in our recent study, where *Scenedesmus obliquus* was exposed to various concentrations of the r-Ag NCs and Ag^+^, we have excluded the possibility of ROS production^[@CR69]^. The antimicrobial activity of r-Ag NCs on both gram negative (i.e., *P*. *aeruginosa*, and *E*. *coli*) and gram positive (i.e., *B*. *subtilis*, and *S*. *aureus*) bacteria could be originated from the dissociation of Ag^+^ ions, as reported by some other studies^[@CR51]^. In consideration of similarly significant changes in the expression of differentially expressed genes in *Scenedesmus obliquus* after exposure to r-Ag NCs and Ag^+^ and observation results derived from confocal fluorescence images and TEM images in our study, it might be possible that r-Ag NCs entering the algae cells could gradually degrade into Ag^+^ which further mediated r-Ag NCs cytotoxicity. A similar conclusion was made for larger particles. The study revealed that the cytotoxicity of 20 nm silver nanoparticles (Ag NPs) on human monocyte (THP-1) is largely due to the chemical transformation of particulate silver from Ag NPs to Ag^+^ ions, indicating this could be a potential toxicity mechanism^[@CR73]^.

Transcriptome validation of photosynthesis specific genes {#Sec8}
---------------------------------------------------------

Independent qRT-PCR experiment was performed to confirm the combined effects of r-Ag NCs and Ag^+^ to the photosynthesis of *Scenedesmus obliquus*. As shown in Fig. [6](#Fig6){ref-type="fig"}, the expression levels of genes (psbA, petF and ATPF0C) involved in the light reaction of both r-Ag NCs + L-cysteine as well as Ag^+^ exposed algae cells were less than that of the control ones. However, expression levels of genes mentioned above (r-Ag NCs without L-cysteine), especially for the gene psbO, were higher than that of the control one, suggesting that Ag NCs and their released Ag^+^ could stimulate the increase of expression levels of genes. Similarly, in the process of Calvin cycle, expression levels of genes (rsbS) from algal cells exposed to three kinds of silver treatment were also less than that of the control one. Taken together, qRT-PCR analysis further confirmed that both r-Ag NCs and its dissolved free Ag^+^ can cause immediate adverse effects on the photosynthesis of algal cells and thus validated the "joint-toxicity" effect mediated by r-Ag NCs and its dissolved Ag^+^.Figure 6qRT-PCR analysis of expression levels for several representative genes in the light reaction and photosynthetic carbon reduction cycle of *Scenedesmus obliquus* exposed to controls and silver treatments. Substantial differences were determined by one-way ANOVA test followed by independent *t*-test. (^a^ *P* \< 0.05; ^b^ *P* \< 0.01).

Conclusions {#Sec9}
===========

To summarize, we demonstrated the r-Ag NCs-mediated photosynthetic toxicity on *Scenedesmus obliquus* cells and the cytotoxic mechanism of r-Ag NCs at transcriptome level. The r-Ag NCs cytotoxicity is largely due to the "joint-toxicity" effect of particulate form of r-Ag NCs and its dissolved Ag^+^ on the photosynthesis of algae cells. The light reaction of photosynthesis was inhibited due to the disruption of the electron transport chain caused by a down-regulation of several key genes (e.g. psbA, petF and ATPF0C) encoded for the reaction center complexes proteins. Meanwhile, the down-regulation of gene rbcs regulates the expression of key enzymes, especially RuBP carboxylase/ oxygenase (Rubisco), and further lead to the damage on the Calvin cycle, which is also regulated by the reduction of ATP arising from inhibition of light reaction. Whether the r-Ag NCs entering the algal cells could gradually degrade into Ag^+^ and further mediate the cytotoxic effects of r-Ag NCs, it is worthwhile to investigate this potential toxicity mechanism in future research. The combined data from the current study would not only help us to understand r-Ag NCs-mediated cytotoxicity, but also shed light on our understanding on the underlying toxic mechanisms and nanosafety assessments of metal nanoparticles.

Materials and Methods {#Sec10}
=====================

Materials {#Sec11}
---------

Milli-Q water (18.2 MΩ.cm/25 °C) was used throughout this study. All glassware were washed with 0.05 M nitric acid, rinsed with Milli-Q water, and dried in an oven overnight. AgNO~3~, (99.9999%), L-glutathione reduced (GSH) and sodium borohydride (NaBH~4~) were purchased from Sigma-Aldrich. L-cysteine (≥ 99%) was purchased from Beijing Solarbio Science & Technology Co., Ltd. The other reagents (analytical reagent) were purchased from China National Pharmaceutical Group Corporation.

Algae culture {#Sec12}
-------------

Green algae namely, *Scenedesmus obliquus* (No. FACHB-417) purchased from the Institute of Hydrobiology (Wuhan City, China), were cultured in Bristol's solution (SE culture medium, Supplementary Table [S1](#MOESM1){ref-type="media"}). Prior to each algae culture, all glassware and SE culture medium were sterilized in autoclave instrument (121 °C, 30 min).

Synthesis and characterization of r-Ag NCs {#Sec13}
------------------------------------------

The synthesis of fluorescent r-Ag NCs was performed following the previous procedures with slight modification (See Supplementary experimental methods)^[@CR66],[@CR67]^. The r-Ag NCs solutions were stored at 4 °C and used for further experiments. Transmission electron microscopy (TEM) images of the r-Ag NCs were taken with a JEOL JEM-2010. Hydrodynamic diameter and Zeta potential of r-Ag NCs in Milli-Q water and SE culture medium were determined by a Zetasizer (Malvern Nano series, UK). The fluorescent spectrum was measured by the QuantaMaster™ fluorescence spectrofluorometer (Photon Technology International, USA). Further details on the dissolution of r-Ag NCs in SE culture medium and Milli-Q water can be found in the Supplementary experimental methods and Fig. S[2](#MOESM1){ref-type="media"}.

Photosynthetic toxicity of r-Ag NCs and its released Ag^+^ to algae {#Sec14}
-------------------------------------------------------------------

The following experimental programs were conducted to investigate the photosynthetic toxicity of r-Ag NCs and its released Ag^+^ to *Scenedesmus obliquus*. (1): algae (5\~10 × 10^5^ cells mL^−1^) were exposed to r-Ag NCs concentrations of 0.00, 33.75, 67.5, 135, 270 and 540 μg L^−1^, respectively (silver atom based). (2): L-cysteine, which is known to chelate Ag^+^, was used to inhibit the released Ag^+^ and further distinguish the effects of r-Ag NCs and its released Ag^+^. Algae (5\~10 × 10^5^ cells mL^−1^) were then treated with the experimental solutions of r-Ag NCs (0.00, 135, and 135 μg L^−1^ containing 0.5 mM of L-cysteine) and Ag^+^ (AgNO~3~, 5.0, 10.0 and 20.0 μg L^−1^). Exposure concentration (135 μg L^−1^) was taken fully into account in our study so that exposure was as environmentally relevant as possible according to previous study (Ag NPs, 0.1\~146 μg L^−1^)^[@CR29]^. The concentration range of Ag^+^ released from r-Ag NCs (μg L^−1^) was approximately equal to that of Ag^+^ (5.0, 10.0 and 20.0 μg L^−1^) dissolved from AgNO~3~ (Supplementary Fig. [S3](#MOESM1){ref-type="media"}). The controls were carried out with SE culture medium containing no silver. Each treatment was performed in biological triplicate.

After exposure, the photosynthetic activity of algae cells, such as chlorophyll α, Fv/Fm (Photosynthetic Yield (PSII) = (F~m~ − F~0~)/F~m~, where F~m~ and F~0~ are the maximum fluorescence and the normal fluorescence, respectively), α (Utilization efficiency of light energy), rETR~Max~ (Maximum relative electron transport rate) and I~k~ (Saturated light intensity), were recorded on a PHYTO-PAM Phytoplankton Analyzer (WALZ, Germany) at 24, 48, 72 and 96 h, respectively. Transmission electron microscopy (TEM) (See Supplementary experimental methods) and confocal laser scanning microscope (CLSM) were also utilized to observe the internalization of r-Ag NCs.

RNA sequencing {#Sec15}
--------------

Total RNA was extracted from algae cells using the trizol reagent according to the manufacturer's instructions (Invitrogen, USA). The concentration and integrity of RNA were determined by a Nanodrop 2000 Spectrophotometer (Nanodrop, USA) and agarose gel electrophoresis, respectively. After the cDNA libraries were constructed with PCR amplification, the libraries were then sequenced with Illumina Nextseq. 500 platform. Further details are available in the Supplementary experimental methods.

Transcriptome assembly processing and annotation {#Sec16}
------------------------------------------------

Raw sequencing reads were cleaned to obtain high quality reads by removing adapter sequences and low-quality sequences (reads with a base quality less than 20) from the 3′and 5′ends of the remaining reads. Quality reads were *de novo* assembled into contigs and butterfly to form the final transcripts using Trinity software (<http://trinityrnaseq.sf.net>). Subsequently, the transcripts were subjected to BLAST research (<http://www.ncbi.nlm.nih.gov/>) against NCBI non-redundant protein database (<http://www.ncbi.nlm.nih.gov/>) with an E-value threshold of 1e^−5^, and the top-hit transcripts were selected as unigenes. Functional annotations were performed by comparing the assembled unigenes with public databases. We searched all the unigenes against NCBI non-redundant protein database, Gene Ontology database (GO, <http://geneontology.org/>), Evolutionary genealogy of genes: Non-supervised Orthologous Groups (eggNOG) database (<http://eggnog.embl.de/>) and Kyoto Encyclopedia of Genes and Genomes (KEGG) database (<http://www.genome.jp/kegg/>) using NCBI Blast software. The detailed data of the transcriptome assembly were given in the Supplementary Table [S3](#MOESM1){ref-type="media"}.

Analysis of the differentially expressed unigenes {#Sec17}
-------------------------------------------------

To detect the differentially expressed unigenes between each of the r-Ag NCs treatments and the controls in our study, reads per kilobase of exon model per million mapped reads value (RPKM) were employed to normalize the gene expression levels. False discovery rate (FDR) \< 0.05 was used as the threshold of *p*-value in multiple test to assess the significance difference of gene expression. Differentially expressed unigenes between the r-Ag NCs treatments and the controls were identified using DESeq software (<http://www-huber.embl.de/users/anders/DESeq>, \|fold change\| \> 2 and *P*-value \< 0.05). GO enrichment analysis were carried out for lists of differentially expressed unigenes between each r-Ag NCs treatment and the control using the Goatools software (<https://github.com/tanghaibao/GOatools>), GO terms for Biological Process, Cellular Component, and Molecular Function were considered significantly enrichment when *P*-value \< 0.05 was observed. Enriched KEGG pathways of differentially expressed unigenes (adjusted *P* \< 0.05) were determined using the KOBAS software (<http://kobas.cbi.pku.edu.cn/home.do>). KEGG Orthology (KO) metabolic pathways analysis was performed through the use of the KEGG database (<http://www.genome.jp/kegg/tool/map_pathway2.html>), based on differentially expressed unigenes (adjusted *P* \< 0.05), which represent molecular interactions and reaction network of algae cells. Cluster analysis of differentially expressed unigenes was conducted by using Cluster3.0/TreeView software (<http://bonsai.hgc.jp/~mdehoon/software/cluster/manual/index.html>).

Real-time reverse transcription PCR (qRT-PCR) {#Sec18}
---------------------------------------------

Validation of transcriptome data was conducted by means of an independent qRT-PCR experiment (See Supplementary experimental methods). Four target genes (psbA,psbO,petF and ATPF0C) significantly down-regulated in light reaction of photosynthesis and a target gene (rbcS) significantly down-regulated in photosynthetic carbon reduction cycle upon exposure to both r-AgNCs (without and with L-cysteine) and Ag^+^ were selected from differentially expressed genes. Gene's expression levels were estimated using SYBR Green qPCR master mix (KAPA) on StepOne Plus qRT-PCR System (Applied Biosystems) (see Supplementary experimental methods). α-tubulin was used as a reference gene for relative qualification. All primer sequences for qRT-PCR analysis are available in the Supplementary Table [S5](#MOESM1){ref-type="media"}.

Other statistical analysis {#Sec19}
--------------------------

Statistical analyses for photosynthetic toxicity of algae were performed using the origin 8.0 software. The two-tailed Student's *t* test or one-way ANOVA test was used to analyze the significance of mean difference among groups compared to the control. Data were shown as the mean value ± standard deviation (n = 3), and *P* value of less than 0.05 was considered as statistical significant.
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